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Abstract

The present paper investigates the offect of concrete/CFRP intertace modeling on failure assessment of RC beams
strengthened with CFRP plates using finite element technique (FE). From the previous studies, it was found that most of the
FE studies neplected the interaction between concrete/CFRP interface by cither assuming perfectly bond or using simple
solid element between the interfaces. This can affect the accuracy of the resulis obrained from FE model especially the failure
pattern of RC beams strengthened with CFRP plates. Therefore, in order to capture the real behavior of concrete/CFRP
mierface which influences the prediction of failure patiern of the beams, cohesive clements, which have the ability on
modeling adhesives and bonded mterfaces, are used (o model traction and shear behavior of concrete/CFRP interface. Ten case
studies with various paramerers, Le. thickness of ERP plates, length of FRP plates and types of reinforcement, are chosen
fram the lireratures to perforra anatysis using ABAQUS. The results obtamed from FE models show good agreement with the

strains distribution in CFRP plates. It is eviden: that the discominuities of the shear stesses distribution along concrete/
CFRP interfuce are actually associnted with the location of cracks occurring at concrie beatns whereas the progressive
de-cohesion of the luminate from the conerets face mitiating tp the area near to the point of high shear stresses. In addition,

cracks focation can be obtained with close agreement with experimental data.

Keywords: Cohestve element; Shear stresses distribution; RC bewn: CFRP plates; Fintle elenment modeling

INTRODUCTION

Since 1990, application of Carbon Fiber Reinforced
Polviner (CFRP) 1n strengthening of reinforced
conerele (RC) structures has become an attractive
retrofit manner. The main advantages of CFRP in
veneral for CFRP strips are their high strength/weight
and stitffness/weight ratios, high degree of chemical
ineriness in most civil engineering environments, and
their non-magnetic and non-conductive properties
(Mayo et al., 2000}, CFRP materials have mechanical
and physical propertics superior to those of steel,
especially with respeet w tensile and fatigue strengths.
Furthermore, no heavy mechanized lifting equipments
and clamping devices are needed due 1o their
lightweights and eonsequently the custs of
application are reduced.

To study the behavior of reinforecd concrete
structures strengthened by CFRP, it is essential to
understand the effeets of repair on the failure mode of
the strengthened member. It has been observed that
different failure mechanisms ranging from duetile to
very hrittle aceur as externally bonded rein forcement
is added to a flexural nember. Anumber of fatture modes
for RC beatns bonded with FRP sheets or strips have
been observed in numerous experimental
investigations {Arduini & Nuuni, 1997; Trantafillou &
Plevris, 1992). The failure modes can be classified into
seven main categories: fa) flexural failure by FRP

rupture; ¢b) flexural failure by crushing of
compressive concrete; o) shear failure; (d) conerete
cover separation; fe/ plate-end shear debonding; (7}
intermediate flexural crack-induced debonding; fg)
intermediate flexural shear crack-induced debonding,
However most comimon fatlure modes found in the
experimental results are debonding of the CFRP plate
and concrete cover separation. These failure modes
lead to premature failure of the beam occurring before
the ultimate flexural capacity. It is generally believed
that these failure modes are initiated by the formation
of a crack at or near the plate ends due to high shear
and normal stresses caused by the abrupt termination
of the plate. Once 4 crack forms in the concrete at ar
near the plate ends, the crack propagates to the level
of the wnston reinforcement and then progresses
horizontally along the level of the internal stee!
reinforcement, resulting it the separation of the
concrete cover.

Although experimental investigations are
essential in understanding the behavior of the
prernature faflure of the beam vnder concrete cover
separation, analytical and numerical studies are also
needed in order to further cornprehend and predict
these failure modes. For analytical studies, the close-
form solutions for determine the shear stresses have
also heen propased for the last deeade (Robert, 1989,
Malek et al,, 1998; Smith & Teng, 2001). [lowever, these
existing solutions were bascd on specific assumptions
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and limitations. For numerical studies, several
researchers (Ziraba & Baluch, 1995; Arduini et al., 1997,
Wong et al , 2003} conducted a {inite element analysis
of CFRP strengthened beams under different
approaches and found that finite element results were
ablc to predict the experimental results such as load-
deflection behavior and non-linear behavior of
concrete. However, it was found that most of the FE
studies neglected the interaction between concretef
CFRP interface by either assumning perfectly bond or
using simple solid element between the interfaces, This
can affect the accuracy of the results obtained from FE
model. Therefore, in order to capture the real behavior
between two surfaces, care should be taken when
modeling concrete/CFRP interface.

I this study, cohesive elements which able to
capturc damage initiation duc to shear stress arc used
to model traction and shear behavior of concrete/CFRP
interface. Ten casc studies with various parameters,
i.e. thickness of FRP plates, length of FRP plates and
types of reinforcement, are chosen from the literatures
to perform analysis using ABAQUS (Hihbitt etal,, 2005).
The results of the study are presented and
discusscd i terms of shear stress distribution between

ETIE

Naresuan University Journal 2009; 17(3}

concrete/CFRY interface, loading capacity, failure
pattern and strains distribution and CFRP plates.

MATERIALS ANDMETHODS

Experimental data

Experimental data were obtatned from Rahimi and
Hutchinson (Rahimi & Hutchinson, 2001)and Fanning
and Kelly (Fanning & Kelly, 2001). A total of 10 beams,
strengthened with CFRP were selected for comparison
with the numerical resubts. The failure modes for
selected beams were cover failure and concrete
crushing. The details of each experimental study are
summarized below,;

Rahimi and Hutchinson's experiment

Figure | shows geometric properties and test
arrangement of Rahimi and Hutchinson experiment.
Two series (B and C) of test specimens were chosen
which comprise the internal and externa!l reinforcerents
suminarized in Tables { and 2. Thebeams RH-B1 and
RH-C1 are control beams whereas the rests are
strengthened with different thicknesses of CFRP.
Material pruperties are summarized in Table 3.

m : ClaTge by P

e

2 150 15
A yremitr v s
t.oathng Points
n
750 40a 739

21ra

Remforrang stael

Figure 1, Geometric properties and test arrangement (Rahimi & Hucchinsen, 2001).

Table 1. Details of intemal remforcements of 1est beams (Rahirni & Hutchinson, 20013}

Beamn

External

reinforcement”

Conventional Reinforcemenis
type Tensile Compressive Shear
- T A Le o _r
2T 278 R2 finks at 75-mm
R centers
(A, bd=063%) (A hd=0A2%)
2116 T8
< Ré fiaks at 73-aun
(A, D=1 68%) (A b0

CFRP plales

0 dand | 2 mun)

CERF plates

centers

(0.4 aadd 1 2 0un)

Note: Sheae ks were placee anly wstun shear spans of beams

* Pate thickness
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Table 2. Details of External Reinforcements of Test Beams {Rahimi & julchinsen, 2001)

T Beam” Beam  Beaw  Bram  CFRI CFRFCFRP
Type of exiernal reinforcement
Numeociat width  depth  lungth  lemgth  width  thickiess
an plate thicknoss
ures () {rmy {miat {imom} {mm} (rn}
T RABTT TNone T T s T Fiee T

Rif-1bs CFRP lanune, 2 ply 0.3 mm) it 150 2300 14 40y 1 50 04
Ri-BS CERP nmnats, & piy (1.7 mo} zen 1500 230 yum Lsu 1.2
KH-CJ Nz zbn L30 P
RH.C3 CERI Imate, 2 piy (64 mny 201 150 300 193] £SO 0.4
i LS CFR lntannate, & ply (1.2 nitin) 200 1500 2N00 1es) 150 12

Table 3. Material properties for test beams (Rahimi & Hutchinson, 2001}

Sikadar 3¢

Property CERP Lateranl trecs
Cancrere rua
(e camponite cetnforcenient
niheave
emin kg ) ] T.nt T 70T
Youny's modsls {3 m o (e ? zin
Sheaw strengld (hivam b 27
D R S ! 1352 2 a8
Crmprssins srvigtht M Nee © Y A n
. . n
Frasiurs sty adm | H 4
Toiasan s nitwe e Ly 0 ni
Elongation al Sreak »4 v [FR 0T n
Ceetlicient of therruat 1a BTN W It

exponsang it ()

Fure: T wdUFRY mropor oo agieted 13 1007 diigeion

s s s ranath

Fanning and Kelly's Experniment
Figure 2 shows internal reinforcements, geometric properties and test arrangement of Fanning and Kelly
experiment. The exlernat reinforeements are sununarized in Table 4. The beamn FK-B1 is the control beam whereas

the rests are strengthened with different CFRP lengths. Material properties are summarized in Table 5.

g g 1an

Zae, $am g yoid bu, f, = SR Cna!

PR

s < 1
€t cadd stmel ke, £, N

T men

g ledn 219wy crmww g shear sams
e
Tarafrakee!

G dmmkighyield bwe, 7 o= 00N

‘25 T o ST e D7k
{30 arcuad)

Lty Triats

Lo BiAF 1L
e »

{
|

) R
|E|“=

o) \ o

It 3
frivemal reinfteerian

47 125 )
All anily inmm

Figure 2. Geometric properties and test arrangement (Fanning & Kelly, 2001).
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Table 4. Details of external reintorcements of test beams (Fanning &

Naresuan University Journal 2009; 17(3)

Kelly, 2001)

Trpe of exteaint Heam  Dewn Bena  FRP O VRFTTTERE

Heam
rriaforcement and plale  widis  dspth fempih  fenwth  wRlL  thickonas
Nursenciaror ey
Horehiens imm)  (mm)  fmed Dund OGooad e

FE-B1 N [ECIS T )
FX.I CFRT ety 155 a0 aang e e E
FX-1ts CERE anamar 15% 244 1000 200 120 [
Fic-hy CPRF aasinate FETIE ET I T C RS T 1

Table 5. Material properties for test beams (Fanning & Kelly, 2001)

1Lgh
Mint CFRFP erpapusite
Matcrsar Frape, ficy Cancete  yisid Adhesi
szt mseyial plaes
steet
1lastie mandi [GPar 11 HI HE) irn 153 [hurp)
A0 Tegrr
Frisson s ran 27 i3 0l 3.3 0 3ihyjus;
AT nar
T ste shiongh (ki 2a) 4 ddu e 4 L1
Cuinps esaia an NA KA K3 4
RECELERTIEL] Hfi it i0 KA NA L A
Yield sueaph 1870y NA w250 4 NA
Postey el 4 Phcs Gilay N : ] nA

WA mon appiieatiio; NY_ s spec fid

Material constitutive models

This section presents material constitutive models
mcluding eencrete model, steel mode! adhesive model
and CFRE. The details of each constitutive model are
stmmanzed below,

Canerete model

The conerete model used in this study is a continuwn,
plasticity-based, damage mode! (Bazant, 1986, Lubliner
et al., 1989}, It assumes that the main two failure
mechanisms are lensile cracking and compressive
erushing ofthe concrete material. The evolution of the
vield surface is controlled by two hardening variables,
i.c. tensile and compressive equivatent plastic strains,
linked to failure mechanisms under tension and
compression Joading, respectively.

Uniaxial Tension Behavior
The inodel assumes that the amaxial tensile

response of concrete is characterized by damaged

plastieity, as shown in Figure 3. Under uniaxial tension
the stress-strain response follows a linear elastic
reiationship until the value of the failure stress
isreached. The fatlure stress corresponds to the onset
oftmicro-cracking in the concrete material. Beyond the
failure siress the formation of micro-cracks is
represented macroscopically with a softening
stress-strain response, which induces strain
localization in the concrete structure. Equation 1
presents the stress-strain relations of concrete under
untaxial tension.

ot

- &

)

where =, is tensile stress, o isdamage variable which is

o ={1-d)E [a

(h

assumed tobe a function of tensile plastic strains (27),

£;1is modulus of elasticity of concrete and & is tensile
strains,

Figure 3. Response of concrete to uniaxial loading in tension {Hibbitt ot 4l 2005).

Uniaxial Compression Behavior

Under uniaxial compression the response is linear
until the value of imitial yield (o) In the plastic regune
the response is typically characterized by stress
hardening followed by strain softening beyond the

uitimate stress, (a.) as shown in Figurc 4.

Equation 2 presents the stress-strain relations of
concrete under uniaxial tension.

o, ={l-d e, ~E") @

where o, is compressive stress, o is damage variable
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which 1s assumed to be a function of compressive
plastic strains (&™), #, is modulus of elasticity of
concrete and & is compressive strains.

Steel madel
The stress-strain curve for steel reinforcement is

[
[
LA

assumed to be elastic perfectly plastic. This means that
steed reinforcement behaves elastically up to the yield
point. After that the yield stress does not change with
plastic strain. This can be seen in Figure 3.

«
Figure 4. Response of concrete to uniaxial loading in compression (Hibbitt et al, 2005).

R s

Stress

Adhesive model

The adhesive behavior is monitored using
cohesive elements which are useful in modeling
adhesives and bonded interfaces. The cobesive
cleiments madel the initial loading, the nitiation of
damage, and the propagation of damage leading to
eventual failure at the bonded interface. The behavior
of the mterface prior to initiation of damage is often
described as linear elastic in terms of a penalty
stiffness that degrades under tensile and/or shear
loading but is unaffected by pure compression {see
Figure 6). Damage is assumed to mutiate when a
quadratic interaction function involving the nominal
stress ratios (as defined in the expression below)
reaches a value of one. This criterion can be
represented as;

where ¢, , ¢ and 1, represent the nomunal stress when

Traction

s ——

4

Sltain

Figure 5. Elastic perfectly plastic model for steel reinforcement.

the deformation is either purely normal to the inter face
or purely in the first or the second shear direction,

vespectively 7,2 and 1] represent the peak values of

the nominal stress when the deformation is either
purely normal to the interface or purely in the first or
the second sheur direction, respreclively.

The rate at which the material stiffness is degraded
once the corresponding inthiation eriterion is reached
can be deseribed by the duwmage evolution law as
shown in equation 4.

.=t -D¥,, i, =0
r, =(t- DY, G
ty ~ti- DY,

where a scalar damage variable, D, represents the
overall damage n the material and captures the
coinbined effects of all the active mechanisms 1,7,
and 7, are the stress components predicted by the
elastic traction-separation behavior for the curreat
strains without damage.

Fays rbitien

e oo

A

03

Sopordmn

Figure 6. Lincar clastic traction separation behavior of cohesive element.
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CIFRP model

The brittie cracking medel 15 employed in CFRP
modeling. The stress-strain behavier of CFRP is
assuined to be elastic up to fatlure strain. At this stage,
a crack develops and the material loses all its load-
carrying capacity (sce Figure 7).

Finite element moded

The input data for the finite element models was
generated by using the general purpose pre and post
processing code PATRAN (PDA Engineering, 1993).
The complete model was then analyzed by the
ABAQUS finite element package. Two dimensional
solid elements with four nodes, i.e. CPE4AR, were used
for modeling conerete materials.

Siress
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For steel reinforcement twe dimensional truss
elements, i.c. T2D2, were used. In order to enhance the
accuracy of the model. the embedded element
technique is used to specify a group of T2D2 elements
that lie cmbedded in a group of CPE4R elements whose
response will be used to constrain the translarivnal
degrees of freedom of the embedded nodes. At
concrete/CFRP interface, two dimcensional cohesive
elements, 1.e. COH2D4, were used to model the very
thin layer of adhestve. Finally, two dimensional beam
elements, B2, were used to model CFRP strip. Only
half of the beain was modcled by taking advantage of
syimmelry. The nuinber of nodes and elements are
summarized in Table 6.

Hrrstn

Figure 7. Suress-strain relationship of CFRP.

Table 6. Number of nodes and elements used in mesh sensitivity studies

Caarse mesh Fing mesh
Test Beams
Noo ol Nadey No of Elements Nu of Nodes Mo, of Clomenis
Rii-B3 1329 113% Wiy 3126
FK-BS 1674 1450 ExA 4798
RESULFS AND DISCUSSION discussed n this section. Firstof all, a contparison of

Verification of the proposed material constitulive
modcls First of all, the validity of the material models
for concrete and steel is examined by cotnparing the
numerical results of control beams with the
experimental dala (Fanming & Kelly, 2001; Rahimi &
Hutchinson, 2001). Figures 9 and 10 show load-
deflection curves of control beams failing by concrele
crushing and the comparisen of cracks pattern obtained
from FE snalysis and experimental data, respectively It
can be seen that the analysis results agree well wath
the experimnental data with error within 10% ofthe peak
lead. In addition, crack patterns obtained from FE
analysis also show good agreement with the
cxperiinental dara. The contour plot of tensile strain
within concrete shows the areas of exceeding tensile
strains (>0.0015), indicating by green and red eolors.
These areas, Lherefore, are the location of cracks
developed in concrete. Hence, these results indicate
that the material models chosen for FE analysis are
preved to be able to simulate the behavior of reinforced
concrete beam and will be further used in the
subsequent analysis.

Non-linear analysts of RC beams strengthened with
CFRP
The results of the FE study are presented and

load-deflection response at mid span of RC beams
strengthened with CFRP between FE analysis and
experimental data s undertaken as shown in Figure 11,
Overall, the predictions of FE analysis agree closely
with the experimental data. All test beams except beam
FK-B3 fail bycover failurc, For the case of bcam FK-B3
(strengthened hy CFRP aleng s full length), it fails by
shear failure. This is due to the sufficient anchorage at
the supperts in which preventing the beam from cover
failure.

Alter validating FE models with experimental data,
various parameters have been investigared including
loading capacity, failure patteyn, shear stresses
distributien between conerete/CTRP interface and
strains distribution in tensile steel reltar and CFRP
plates. The results of cach parametric study can be
swnmarized as follows;

Loading capacity

Load-detlection response at mid span for RC beams
strengthened with CFRP are plotted and compared with
the experimental data as shown in Figures | 2a-12¢. It
can be seen that strengthened RC beams with CFRP
increase flexural capacity of the beams by approximately
70% of Its original capacity. For the case of Rahinu's
experiment, the flexural performance can be enhanced
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even with a relatively small thickness of CFRP added
to the beam (RH-B3). For the case of high percentage
of conventional reintorcement (RH-C3 ). only slightly
increase of lvading capacity can be obtained. This is
due to the effect of over reinforcement at the tension
side of the beams which leads to failure af conerete at
the compression zone, i.e. concrete crushing. These
failure modes lead to premature failure of the beam
occurring before the ultimate flexural capacity. By
increasing the thickness of CEFRP (RH-B3 and RH-C3),
the beams are stiffer and stronger which causes the
reduction of mid span deflections. For the case of
Fanning's experiment, they investigated the effect of
plate lengih on the lbading capacity af'the RC beams.
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The test beams have rather high percentage of
conventional reinforcement. Figure 1 le shows lnading
capacity of test heams with varying plate lengths.
Loading capacity increases by approximately 50% of
its original capacity while the deflection capacity
reduces by the suine amaunt for all test beums. This
Indicates that plate length has a little effect on loading
capacity ol the beams as long as the sirengthened
iength is greater than 50% of shear span. These results
cleurly shaw that the loading capaeity of the plated
beans is influenced not only the original stitfness of
the beams but also the type and amount of external
reinforcernent.

Figure 8.

g,

{

Finite element model of test beams.

o s s

ib) Bewro RH-C

(] Beam FK-AY

Figure 9. {oad-deflection of cenirol beam failing by concrete crushing.

Sugmert

Figure 18, Comparison ol cracks pattern obtained from FE analysis and experimental data.
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Figure 11. Comparison of load-deflection response at mid span of RC beams strengthened with CFRP between FE analysis

and experimental data.

B s e o

1}
Figure 12. Parametric siudies of RC beams strengthened with CFRP.

Shear stresses between conercte/CFRP interface

The insertion of cohesive elements between
concrete/CFRP interface has a significant effect on the
determination of the shear stresses at the cancrete/
CFRP interfuce. This is shown in Figures 13 and 14, in
which the shear stresses can be captured and
compared with the experimental data. The stress
distribution presents many discontinuitics along the
piate. However the trend of the distribution can be
obtained as indicated by the trend Hne. From Figure 13,
the peak stresses occur at the plate ends and starts to
decay as the distance from the plate ends is increased.
It is evident that the progressive de-cohesion of the
laminate from the conerete face initiating in the aren

nesr Lo the point of high shear stress and leading to
almost complete delamination and then to failure. By
increasing the thickness of CFRP plates, the shear
stresses concentration at the plate ends inerease. For
the case of Fanning's experiment (see Figure 14), shear
stresses of the beam FK-B3 are rather snzall and show
no stress concentration at the plate ends. This is due
ta the eftect of anchorage at the supports of the beam.
The beam is then failed by shear faiture in the shear
span of the beamn instead of cancrete cover failure. For
the case of the beamn FK-BS, the same evident as for
the case of Rahimi's experiment is cbtained. By
reducing the CFRP length, the shear stresses
comeenlration at the plate ends increase. This can be
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concluded that the premature failure of the
strengthened beams originate from the flexure-shear
crack closest to the plate ends and progress towards
the tensien steel, until ripping of the concrete cover
take place as shown in the contour plots in Figures 13
and 14,

Strains distribution in CFRP plates

Figures 15a-15¢e show strain distributions obtained

Hil-RA
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trom both experiment and FE analysis. Increasing in
CFRP plate thicknessleads ta the reduction of strain in
CFRP plates. These results confirm that increasing n
the thickness of CFRP plates leads to stitfer and
stronger beam which therefore resuliing in the
reduction of mid span deflectians. Figures 15¢ and 15d
compare the strain distributions between experimental
and FE analysis in which good agreement is obtained.

iby Finite efament prodiction

Figure 13. Comparisons of failure patterns for Rahimi's experiment.

fior teat beams

Terur samn hamiee

R A

{b) Finite elecnen; predictien

Figure 4. Comparison of failure patrerns for Fanning’s experiment
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{(Smith & Teng, 2001). It was foundthat both results
give a sinilar trend. Nevertheless, due to specific
assumptions and limitations during derivation of
close-form selution, the predictions gave unlorm
distribution and slightly underestimated shear stresses

211

distribution. Therefore, it can be concluded that FE
model of the beams in which concrete/CFRP interface
is modcled using cohesive elements can be used to
assess the failure of RC beamns strengthened with CFRP
plates and also foretel] 1ts failure pattern.,

Table 6. Number of sodes and elements used by mesh: sensttivity studies

Ciprve mesd Fere ey

Teal Bewrs

Wo ol Elamris

o Komles R v Nt ot o

RitBs 1 N ERF Y

FX-B5 174 [ 521 ERTT
RH.RS

' P P eewn

LR H H L] i

B2 > - pS s Pt
g e i ke s wom)

Figure 16. Failure assesstnent of Rahimis experiment.

{u} Failure proto rom Faminng's cxperiment (heam K-35

fi) Rheae steesses ar conerete CFRP mrertace

Figure 17. Faiure assessment of Fanning's experiment.
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